Intestinal γδ T-cell receptor-bearing intraepithelial lymphocytes (γδ IELs) play a multifaceted role in maintaining mucosal homeostasis. In order to investigate the relationship between O-glycosylation and inflammation, we carried out an in-depth mass spectrometric comparison of the intestinal O-glycosylation profile of mice lacking γδ IELs (TCRδ −/− ) and of their wild-type (WT) littermates. A total of 69 nonsulfated and 59 sulfated compositional types of O-glycans were identified in the small intestine and colon of TCRδ −/− and WT mice. Our results demonstrated structural differences in intestinal glycosylation in TCRδ −/− mice compared with WT littermates. TCRδ −/− colons contained a lower proportion of core-2 structures and an increased proportion of core-1 structures whereas TCRδ −/− small intestines had a decreased percentage of core-3 structures. The glycan antennae in TCRδ −/− colon and small intestine showed altered structural diversity compared with WT mice. There were significant differences in the sialylated species between the TCRδ −/− and WT mice with the sialylated Tn antigen found exclusively in the TCRδ −/− small intestine, whereas the sulfation pattern remained mostly unchanged. These findings provide novel molecular insights underpinning the role of γδ IELs in maintaining gut homeostasis.
Introduction
The mammalian gastrointestinal (GI) tract is home to trillions of microorganisms (constituting the gut microbiota) that live in symbiosis with the host (Human Microbiome Project Consortium 2012). These microorganisms make essential contributions to mammalian metabolism and physiology. Carbohydrates derived from diet or host play a well-established part in sustaining the resident members of the microbiota (Koropatkin et al. 2012) . Glycoconjugates expressed on intestinal mucosa are instrumental to the regio-selectivity of hostbacteria interactions (Holmén Larsson et al. 2013 ). These endogenous glycans provide a consistent source of nutrients and binding sites to the microbiota (Juge 2012; Ouwerkerk et al. 2013) . Two of the most abundant forms of glycosylation occurring on proteins destined to be secreted or membrane-bound are N-linked (to asparagine) and mucin-type O-linked (to serine or threonine) glycosylation. In the intestine, a large proportion of O-glycans are found in the protective mucus layer overlying the epithelium Johansson et al. 2011) . The O-glycans are added to the protein in the Golgi by the concerted actions of glycosyltransferases (GTs) (Bennett et al. 2012) . The O-glycan biosynthesis is initiated by the addition of N-acetylgalactosamine (GalNAc) to the hydroxyl groups of serine or threonine in protein substrates destined to be membrane-bound or secreted, forming the Tn antigen. The addition of other sugars by core transferases results in the formation of the core structures, where the cores 1, 2, 3 and 4 are the most abundant (Tran and Ten Hagen 2013) . Core 1 O-glycans are initiated by the action of core 1 β1,3-galactosyltransferase (C1GalT) on the Tn antigen. Core 1 structures are commonly either sialylated/disialylated or branched on position 6 of the GalNAc, producing the core 2 O-glycans. The latter are biosynthesized by the enzyme core 2 β1,6-N-acetylglucosaminyltransferase (C2GnT), which is known to exist in three isoforms; C2GnT1, C2GnT2 and C2GnT3. Core 3 structures are formed by the addition of N-acetylglucosamine (GlcNAc) on position 3 by the core 3 β1,3-N-acetylglucosaminyltransferase (C3GnT), the branched extension with another GlcNAc on the position 6 leading to core 4 is then added by C2GnT2, one of the core 2 synthases (Brockhausen et al. 2009; Stone et al. 2010 ; Thomsson et al. 2012 ). These core O-glycan structures can be further modified or extended with the addition of other sugars such as galactose (Gal) , GlcNAc, fucose (Fuc) , and sialic acid, creating extended linear or branched structures. Such branched structures are typically seen in mammals and often terminate with the negatively charged sugar sialic acid.
Aberrations in intestinal O-glycosylation can disrupt the homeostatic mechanisms and have been reported to coincide with inflammation in acute infection and inflammatory bowel diseases Hansson 2012; Sheng et al. 2012; Hasnain et al. 2013) . Whether these changes occur as a result of the ongoing inflammatory response, or as a consequence of bacterial metabolism, is yet to be determined (Sheng et al. 2012) . The causality between altered intestinal O-glycan expression and inflammation has been investigated in mouse models deficient in specific GTs, where targeted changes in glycan core structures led to spontaneous colitis or increased severity or susceptibility to experimental triggers of colitis (reviewed by Bergstrom and Xia 2013; Sommer et al. 2014) . However, whether such changes in glycosylation profile occur in mouse models of inflammation is unknown. Here we used TCRδ −/− mice, which lack γδ T-cell receptor-bearing intraepithelial lymphocytes (γδ IELs), to further investigate the relationship between inflammation and host glycosylation. TCRδ −/− mice lack a significant spontaneous abnormal phenotype, but develop more severe acute colitis in response to dextran sodium sulfate (DSS) compared with wild-type mice (Chen et al. 2002; Ismail et al. 2009; Kober et al. 2014) , which is important to uncouple the possible effect of on-going inflammation on modulation of GTs, and hence glycosylation, as previously suggested (Sheng et al. 2012) . γδ IELs represent a first-line of host immune defence. Large numbers are present in the intestinal epithelial barrier, intercalated between epithelial cells, and are thus strategically situated to detect bacteria that penetrate through the epithelium. In the colon, γδ IELs function predominantly in the response to tissue injury, stimulating repair of damaged epithelia (Born et al. 2010 ) and limiting bacterial penetration of injured tissue (Witherden et al. 2000) . This function has been linked to the up-regulated expression of keratinocyte growth factor, which stimulates proliferation of colonic epithelial progenitors (Carding and Egan 2002; Born et al. 2006) . γδ IELs of the small intestine contribute to the maintenance of the integrity of tight junction macromolecular complexes, in particular through phosphorylation of the occludin protein (Dalton et al. 2006) . γδ IELs are also involved in innate antibacterial effectors host response. They regulate the production of the Angiogenin 4 antimicrobial protein by Paneth cells, as well as express the antibacterial lectin RegIIIγ, in response to resident bacterial pathobionts that enter intestinal epithelial cells (IEC; Walker et al. 2013; Ismail, Severson et al. 2011) . The picture that emerges from the role of γδ IELs is one of the tightly regulated layers of immunity that can condition epithelial cells to avoid penetration by commensal microorganisms and/or eliminate the low numbers of bacteria that penetrate without an acute inflammatory response (Ismail, Severson et al. 2011) . We recently reported that TCRδ −/− mice showed alterations in mucin expression, overall glycosylation and goblet cells while maintaining an intact mucus layer (Kober et al. 2014 ).
Here we report the results of in-depth mass spectrometric comparison of the intestinal O-glycan profile of TCRδ −/− mice and their WT littermates. Our results demonstrate that glycosylation is altered in TCRδ −/− mice, providing novel molecular insights underpinning the role of γδ IELs in maintaining a homeostatic relationship with the intestinal microbiota.
Results

Generation of WT and TCRδ
−/− littermates Bacterial colonization of the GI tract occurs immediately after birth and results in the development of a microbial community, the microbiota, whose composition will greatly resemble that of the mother, although transmission of symbionts can occur via vertical (from the mother) and horizontal (from environment) transfers (Bright and Bulgheresi 2010) . In order to assess the link between intestinal γδ IELs and intestinal glycosylation, TCRδ −/− and WT mice were bred as littermates of second generation (F2) to exclude differences that could result from a different parental lineage of the acquired microbiota. In brief, homozygous TCRδ −/− mice were cross-bred with their homozygous WT counterparts. The first generation (100% heterozygous) was then crossed with itself to generate a second (F2) generation where heterozygous as well as homozygous (TCRδ −/− and WT) littermates were produced. The genotype was established as described in the Materials and Methods section. Profiling and comparison of intestinal glycan composition was performed using three pairs of homozygous TCRδ
and WT mice (Supplementary data, Figure S1 ).
Glycan profiling of WT and TCRδ
The tissues analyzed were from the small intestine and colon of F2 TCRδ −/− mice and age-as well as gender-matched WT littermates. The monosaccharide composition of the glycan antennae was determined by gas chromatography-mass spectrometry (GC-MS) of alditol acetates after hydrolysis of the glycan antennae (Oxley et al. 2004a ). For quantification, myo-Inositol was used as an internal standard in the GC-MS. The monosaccharide profile showed similar quantities of each monosaccharide across the replicates, with GalNAc occurring in the highest amount, followed by GlcNAc, Gal and Fuc (Supplementary data, Figure S2 ). To analyze the linkage positions on the monosaccharides, the glycan antennae were permethylated, hydrolyzed, peracetylated and analyzed by GC-MS as partially methylated alditol acetates (PMAA) (Oxley et al. 2004b ). The results showed that the same linkages were found in the same monosaccharides across all samples analyzed (data not shown), quantitation of the individual PMAA was not possible with this method. The glycomic strategy followed published methodologies (Ismail, Stone et al. 2011) and was supported by the GT expression profiling of the WT and TCRδ −/− mice colon and small intestine. Sequencing and mass fingerprinting of the glycan antennae was performed by matrix-assisted laser desorption/ionizationtime-of-flight mass spectrometry (MALDI-ToF). Glycan antennae were permethylated according to Oxley et al. (2004b) with modifications described in Khoo and Yu (2010) for the analysis of the glycan sulfation. Each sample was divided into eight different fractions according to polarity and charge (see Materials and Methods for further details) for better analysis of the sulfation pattern of the glycan antennae after the samples had been analyzed for the neutral glycan antennae. The MALDI-ToF spectra of each fraction were taken and analyzed individually. Glycans were first analyzed in the positive mode of the MALDI-ToF to allow a general screen of antennae present and then in the negative mode to establish structures carrying a Altered intestinal O-glycosylation in TCRδ −/− mice charge, which relates to the presence of sulfation as the sialic acid residues became neutral with the permethylation of the glycan antennae. Tandem mass spectrometry in both modes allowed for a closer identification of the structures present within the limits of MALDI-ToF/ToF. In some cases it was not possible to distinguish between potential isomers. These structures are given as compositions only or with groups that are uncertain shown behind a bracket. Supplementary data, Figures  S3-S6 show examples of annotated MALDI-ToF spectra corresponding to a WT small intestine, WT colon, TCRδ −/− small intestine and TCRδ −/− colon fraction, respectively. The full range of O-glycan core structures, as expected to be present in mice based on earlier studies (Thomsson et al. 2012 ) (O-glycan cores 1-4, Table I ), was observed. Additionally, the H-antigen (Table I ) was found in the two larger structures (m/z = 1520 and m/z = 1536). It can also be observed that most structures were modified by Fuc and/or sialic acid residues.
Glycomic analysis of the colonic samples from WT and
The full range of glycans detected in the intestinal samples from the WT and TCRδ −/− mice is shown in Table II . Significant structural changes in the proportion of O-glycan core-1, core-2 (both P < 0.01) and core-4 structures (P < 0.05), which form the basis of the glycan antennae, were observed in the TCRδ −/− colon compared with WT mice ( Figure 1A ). In particular, the core-1-based structures dominated in the TCRδ −/ − colons whereas the core-2 structures were dominant in the WT colons ( Figure 1A) . The results were supported by significantly increased expression of C1GalT1 (P < 0.01) and C1GalT2 (P < 0.01) in the TCRδ −/− colons ( Figure 2 ). The glycan antennae in the TCRδ −/− colons showed a reduced structural diversity with 20 different structures (Table IIA and Core 2 Galβ1-3(GlcNAcβ1-6)GalNAc
Core 3 GlcNAcβ1-3GalNAc
Core 4 GlcNAcβ1-3(GlcNAcβ1-6)GalNAc
Circles denote Gal; yellow squares denote GalNAc; blue squares denote GlcNAc; diamonds represent Neu5Ac; triangles indicate Fuc.
C Fuell et al. (Table IIA) . It is also interesting to note that six of the largest core-2-based structures and two of the core-4-based structures (Table IIC) , which were specifically associated with the WT colon, were also found in the small intestine of the TCRδ −/− mice but not in the TCRδ −/− colon or in the WT small intestine (see below). Most of the structures within this group of structures carried at least one sialic acid residue, in agreement with the significant decrease in the sialic acid content (P < 0.05) in the TCRδ −/− mouse colons ( Figure 3A ). For the glycan antennae of the WT and TCRδ −/− mouse colons which could be fully annotated, there was no specific difference in the displayed epitopes, e.g. the Sd a epitope or the H-Antigen (Table I) were found in both types of mice. However, since not all positions of Fuc and sialic acids can be fully assigned across all samples by MS/MS, differences in the the O-glycans in the samples was estimated against a calibration curve of GalNAc and then calculated in nMol per 100 µg freeze dried mucus sample. * significant P < 0.05, ** highly significant P < 0.01; SI, small intestine; C, colon. tissue samples. *Significant P < 0.05, ** highly significant P < 0.01. Error bars indicate mean standard deviation between the three biological and technical replicates. SI, small intestine; C, colon; WT, wild-type mice. epitopes cannot be excluded. In addition to the decreased size of the glycan antennae in the TCRδ −/− mouse colons, the overall concentration of O-glycans in the knockout mouse colons was significantly decreased (P < 0.05) compared with the WT mouse colons ( Figure 3B) .
Analysis of the sulfation on the glycan antennae of the WT and TCRδ −/− colon samples showed a trend toward a higher proportion of core-1 and core-2 structures being sulfated compared with core-3 and core-4 structures in both types of mice ( Figure 4A ). There was no significant difference in the percentage of sulfated structures found in the four core structures between the WT and TCRδ −/− colon ( Figure 4A ). Most identified sulfated structures (Table IIIA and C) were either ubiquitously found, i.e. in all or most of the colon samples (e.g. m/z = 937, m/z = 954, m/z = 1008, m/z = 1108 and m/z = 1230), or only in one sample out of the three replicates (e.g. m/z = 1236, m/z = 1453, m/z = 1474 and m/z = 1816). One sulfated structure which was present in all three biological replicates of the respective tissue showed m/z = 1170. This structure occurred in the TCRδ −/− colon samples but not in the WT colon, while in the small intestine it occurred only in the WT mice (Table IIIC) . This antenna was a basic core-2 structure, which was sulfated on GlcNAc and carried a Fuc residue on each of the other two monosaccharide residues ( Figure 5) . Glycomic analysis of the small intestinal samples from WT and TCRδ −/− mice
The dominant core structure was the core-2 structure for both the WT and TCRδ −/− small intestine samples, followed by core-4 and core-1 structures. The proportions of these three core structures were similar in the small intestine of the WT and TCRδ −/− mice. In contrast, the core-3 structures showed a significant decrease (P < 0.01) in the TCRδ −/− mouse small intestine samples ( Figure 1B) .
A detailed analysis of the small intestine glycan structures found in the TCRδ −/− mice showed major differences with the WT mice, with 13 structures, ranging from the sialylated Tn antigen to a triantennary core-4 structure with m/z = 2861 in TCRδ −/− (Table IIA) and 10 structures, ranging from a simple disialylated core-3 structure to diantennary core-2 and core-4 structures with m/z > 2000, in the WT mice (Table IIB) . In particular, the antennae in the small intestine of the TCRδ −/− mice carried more modifications with sialic acid and/or Fuc (Table IIA and B) . Eight structures (Table IIC) were shared between the small intestine of the TCRδ −/− and the WT colon (see above). These structures were among the larger glycan antennae found in our analysis, with seven out of the eight structures showing m/z > 2700, and most of them were highly modified by sialic acid residues, in agreement with the higher sialic acid content (P < 0.01; Figure 3A ) of the TCRδ −/− small intestine compared with WT mice. These larger structures contributed to the difference in size of the glycan antennae in the TCRδ −/− small intestine (average of m/z = 1908) compared with the WT small intestine (average of m/z = 1566). The diversity of structures found in the TCRδ −/− small intestine (41 different glycan antennae) was higher than in the WT small intestine (29 different glycan antennae) (Table IIA-C). On the other hand, the overall O-glycan concentration was lower (P < 0.01, Figure 3B ), indicating that this higher diversity was not due to an increased number of O-glycan structures. These results were also supported by the expression pattern of the GTs examined, which showed a similar pattern but overall lower level of expression, although not all of the changes were statistically significant (Figure 2 ). Despite the presence of core-3 glycans in the small intestine tissues, there was no detectable expression of C3GnT in the epithelial tissue of which the RNA was extracted, suggesting that the expression was below the detection limit.
The sulfation analysis of the small intestine was similar to the colon in terms of the type and proportion of the core structures that the sulfated structures were based on Table IIIB and Figure 4B . The structures listed in Table IIIB showed that few glycan antennae were specific for the small intestine, but only in up to two of the three biological replicates. Therefore, the presence of these glycan antennae was most likely due to differences between individual mice rather than a reflection of specific differences between WT and the TCRδ −/− mice or between the small intestine and the colon. The proportion of the type of sulfated core structures ( Figure 4B ) in the small intestine were similar to that of the colon with sulfated core-1 and -2 structures dominating over sulfated core-3 and -4 structures.
Discussion
Intestinal γδ IELs play a multifaceted role in maintaining mucosal homeostasis following injury and in limiting bacterial invasion of mucosal tissues. Since host glycan-bacteria interactions are key to homeostasis in the gut, we hypothesized that alteration in host glycosylation may contribute to the increased susceptibility of TCRδ −/− mice to experimentally induced colitis and bacterial penetration of mucosal tissues. Previous work in our group revealed alterations in the number of goblet cell, crypt depths, mucin expression and glycosylation in TCRδ −/− mice compared with WT mice (Kober et al. 2014 ). Since the gut microbiota can influence host glycosylation either by their ability to degrade mucin glycans (Ng et al. 2013) or by inducing different glycan epitopes , O-glycomics analyses were performed on TCRδ −/− mice with WT littermates as a reference, so to exclude the possibility that glycosylation profiles were influenced by differences in maternal microbiota. MS and MS-MS data were obtained by using MALDI-ToF/ToF MS in positive and negative modes, as well as GC-MS. Generally, TCRδ −/− mice showed a significant reduction in branched core-2 and -4 structures in the colon whereas there was no significant difference in the core-3 structures from the colon compared with WT mice ( Figure 1A ). The expression of core-1 structures was significantly increased in the TCRδ −/− colon compared with WT mice, in accordance with the Tn antigen being exposed in the absence of branched core-2 structures (Table II) . The GTs expressed in a certain cell determine which oligosaccharides are formed. In mouse, C1GalTs, C2GnT1, C2GnT2 and C3GnT1 have been shown to be expressed in the colon, while C1GalTs, C2GnT1, C2GnT3 and low amounts of C3GnT1 have been found in the small intestine (Yeh et al. 1999; Stone et al. 2009; Xia 2010 ). Here we showed a strong increased expression of the two core-1 synthesizing GTs, C1GalT1 and C1GalT2 in the colon of TCRδ −/− mice (Figure 2 ), in agreement with the increased proportion of core-1 structures. Mice lacking the intestinal epithelial cell (IEC) C1GalT1 developed spontaneous colitis (Fu et al. 2011) whereas the C2GnT and C3GnT knockout mice developed normally, but displayed increased susceptibility to experimental triggers of colitis and colorectal adenocarcinoma Stone et al. 2009 ). The findings that core structures were significantly altered in the colon of TCRδ −/− mice may partly explain the reported increased susceptibility of TCRδ −/− mice to DSS treatment (Kühl et al. 2007; Kober et al. 2014 ). In the small intestine, there was a significant decrease in core-3 O-glycans in the TCRδ −/− ( Figure 1B ) whereas similar amounts of core-1, -2 and -4 structures were found compared with WT Corresponds to the number of biological replicates in which the glycan antennae were found (-, none). S, sulfation ðSO 4 À Þ: (A) Specific for colon, (B) specific for small intestine and (C) present in both colon (C) and small intestine (SI). Tables (A) -(C) show whether the glycan antennae occurred in the WT or TCRδ −/− mice and which core structure the glycan antennae was based on.
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−/− mice mice ( Figure 1B) . However, the glycans in the small intestine of the TCRδ −/− mice showed the highest average m/z in the analysis by MALDI-ToF/ToF. The glycan core structures from the small intestine have been less well studied. In humans, Robbe et al. (2004) have shown that the main core structure in each part of the intestine was core-3, while in mice the core structures found in the small intestine were predominantly core-1 and -2 (Holmén et al. 2002; Thomsson et al. 2002) . Analysis of the glycan antennae structure compositions showed that many of the shorter structures, especially the core-2-based structures, were similar to those reported previously in mouse (Tobisawa et al. 2010; Ismail, Stone et al. 2011; Thomsson et al. 2012 ). However, additional glycan structures were found in the extended structures with m/z > 1800. It is also worth noting that some of the O-glycan structures found in the small intestine or colon of WT and TCRδ −/− mice, e.g. m/z = 738, 1374 or 1535, were found only in the stomach of the mice used in the study of Ismail, Stone et al. (2011) . It should be noted that higher expression of core glycans was not always explained by increased mRNA levels of the corresponding GTs; this is particularly evident for the core-2-based structures which are higher in the colon of WT mice compared with TCRδ −/− mice ( Figure 1A ) whereas the qPCR assays showed a lower level expression of C2GnT2 ( Figure 2) ; such discrepancy between GT gene and glycan expression may be due to differences in terms of enzymatic activities.
The glycan antennae in the TCRδ −/− mouse intestine showed altered structural diversity, compared with WT mice, with 20 and 41 different structures in the colon and small intestine of TCRδ −/− mice, respectively, against 33 and 29 in WT mice. The TCRδ −/− mice showed a higher concentration of sialic acid in the small intestine, but a decreased concentration in the colon compared with the WT littermates ( Figure 3A) . Some of the larger structures occurring only in the small intestine of the TCRδ −/− mice (e.g. m/z = 2666, m/z = 2734 or m/z = 2819) were capped or partially capped by sialic acid residues. On the other hand, the mass spectrometric analysis showed that the sialylated Tn antigen could only be detected in the small intestine of the TCRδ −/− mice (Table IIA) . Sialic acid is an important carbohydrate epitope which has been implicated in pathogen bacteria adhesion (Varki 2007 ) and/or a source of nutrients for enteric bacteria (Lewis and Lewis 2012) ; differences in sialylation may thus be associated with changes in bacterial species in TCRδ −/− mice.
In contrast to sialylation, the analysis of the sulfation pattern on the O-glycans did not show any significant differences between WT and TCRδ −/− mice. Analysis of glycan sulfation by negative mode MALDI-ToF indicated the presence of novel structures which were not reported earlier (Tobisawa et al. 2010; Thomsson et al. 2012 ). This might be due to the differences in sample preparation and/or methods used to separate and identify the glycan epitopes. Recent work reported that Fuc linked to GlcNAc residues, as in Lewis-type sequences (Galβ1-3/4(Fucα1-3/4)GlcNAc-), found on MUC2 mucin from human colon was not present in mouse Muc2 whereas blood group H-related Fucα1-2Gal-epitopes, which are found in decreasing amounts on MUC2 throughout the human colon and are virtually absent in human sigmoid (Robbe et al. 2003 (Robbe et al. , 2004 Holmén Larsson et al. 2009 ), were abundantly found in mouse (Thomsson et al. 2012 ). In our study, the H-Antigen was found in both the small intestine and colon of the TCRδ −/− and WT mice. Our MALDI-ToF analysis showed no significant changes in fucosylation in TCRδ −/− mice (Tables II and III ). In conclusion, our study showed that mice lacking γδ IELs display different intestinal glycosylation profile compared with WT littermates. Whether these changes occur as a direct consequence of γδ IELs modulating GT expression, or via an indirect route due to changes in proinflammatory cytokine profiles in TCRδ −/− mice, remains to be determined. These structural changes in glycosylation may lead to an impairment of mucosal barrier function (leading to increased bacterial penetration) and/ or trigger a change in microbiota structure-function and metabolism. Previous work, using FITC-dextran, showed that bacterial penetration in TCRδ −/− mice did not arise from increased nonspecific barrier permeability (Ismail, Severson et al. 2011) . It is thus likely that these changes exacerbate inflammation by altering bacterial balance and metabolism. These changes in structural glycosylation could provide a mechanistic explanation for the role of γδ IELs in conditioning epithelial cells to limit mucosal penetration by intestinal bacteria during shifts in microbiota composition and/or acquisition of new organisms from the environment. Understanding whether alteration of intestinal glycosylation occurs via changes at the microbiota community level or via direct signaling to epithelial cells is important to determine anti-inflammatory therapeutic targets.
Materials and methods
Materials
All Chemicals, enzymes and primers were from Sigma, UK, unless stated otherwise. Animals C57BL/6J WT (WT; acquired from Harlan Labs) and C57BL/6 TCRδ −/− (B6.129P2-Tcrdtm1Mom/J acquired from JAX Laboratories) mice were bred and maintained as specific-pathogenfree (SPF) in a conventional animal facility at the University of East Anglia. WT and TCRδ −/− littermates were obtained as follows: WT and TCRδ −/− mice were cross-bred, generating 100% heterozygous (TCRδ +/− ) mice on the first generation (F1). In a second step, crossbreeding of F1 males with females yielded homozygouse WT and TCRδ −/− as well as heterozygous littermates (second-generation F2). Genotypes of mice were determined by PCR of genomic DNA from tail biopsies using forward primer oIMR6916 and reverse primer oIMR 6917 for TCRδ −/− and forward primer oIMR8744 and reverse primer oIMR8745 for WT (Supplementary data, Table SI ).
This study compared WT and TCRδ −/− gender-and agematched F2 homozygous littermates. All animal experiments were conducted in full accordance with the Animal Scientific Procedures Act 1986 under Home Office approval.
Three 18-to 20-week-old mice of each genotype were analyzed for this study. Mouse small intestine and colon tissue was exteriorized and cut open longitudinally to expose the epithelium. Epithelial scrapes were performed using glass microscope slides and immediately transferred into Pyrex ® glass tubes (VWR) for subsequent glycan analysis or into RNAlater stabilizing agent for gene expression profiling, and frozen immediately on dry ice. Samples were stored at −80°C until further processing.
RNA extraction
Frozen tissue was transferred into buffered phenol. Samples were treated with chloroform: isoamyl alcohol 24:1 (vol/vol) several times until all the proteins had been removed, then the RNA was precipitated by addition of 4 M LiCl and incubation at 4°C overnight. After centrifugation, RNA was resuspended in sterilized dH 2 O, precipitated at −20°C in 1:20 vol 3 M NaOAc, pH 5.2, and two vol ethanol, rinsed with 70% ethanol, dried and then stored at −80°C until further use. The quality and quantity of the RNA were established by spectroscopic analysis and gel electrophoresis.
Quantitative PCR Total RNA was used to generate cDNA with the QuantiTect ® Reverse Transcription assay (Qiagen, UK) following the manufacturer's protocol. The quantitative PCR (q-PCR) was performed using the QuantiFast™ SYBR ® Green PCR kit (Qiagen, UK), in an ABI7500 Taqman thermocycler. Results were analyzed using a relative quantitation to 18S RNA with the formula 2 −ΔCT . All samples were run in triplicates. Data analysis was performed using the Taqman SDS system software, followed by further analysis in Microsoft Excel. Primers are as listed in Supplementary data, Table SI. Alignment and suitability of the primers were checked with http://www.ncbi.nlm.nih. gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome.
Sialic acid colorimetric assay
The concentration of sialic acid in the glycoproteins isolated from tissue samples was determined as previously described (Yao et al. 1989) . Briefly, 0.33 mL of acidic ninhydrin were mixed with 0.33 mL glacial acetic acid and 0.33 mL of aqueous sample solution, boiled 10 min in a water bath, cooled and the optical density was measured at 470 nm. The concentration of sialic acid in the sample was calculated against a standard curve of Neu5Ac (N-acetylneuraminic acid).
O-glycan colorimetric assay
The concentration of the O-glycans in the glycoproteins isolated from tissue samples was determined using the method of Crowther and Wetmore (1987) . Briefly, 100 µl of aqueous sample solution were mixed with 120 µl of alkaline 2-cyanoacetamide solution and incubated at 100°C for 30 min. Then 1 mL of 0.6 M borate buffer was added and the mixture cooled down to room temperature. The fluorescence was measured at λ = 420 nm with an excitation at λ = 320 nm. The concentration was estimated against a calibration curve with GalNAc.
Isolation of intestinal glycans
The intestinal glycans were isolated as described in Ismail, Stone et al. (2011) . Briefly, the samples were thawed, homogenized and the proteins separated from the glycolipids by chloroform extraction. In the next step, the disulfite bridges were cleaved and Altered intestinal O-glycosylation in TCRδ −/− mice blocked by treatment with 13 mM dithiothreitol for 60 min at 37°C and 65 mM iodoacetamide for 90 min at room temperature in the dark. The proteins were dialyzed against 50 mM ammonium bicarbonate buffer and lyophilized. The proteins were then digested into glycopeptides using Clostridio-peptidase B from Clostridium hystolyticum as described in Sihlbom et al. (2009) . The glycopeptides were purified with Oasis ® HLB extraction cartridges (Waters, UK), using 5% acetic acid to remove hydrophilic contaminants, with a gradient of increasing concentrations of propan-1-ol in water. N-glycans were separated from the lyophilized samples by digestion with PNGase F for 24 h. The samples were lyophilized, followed by a column fractionation with Sep-Pak ® C 18 cartridges (Waters, UK), using the same eluents as discussed above, resulting in the separation of N-glycans in the acetic acid fraction and the O-glycopeptides in the 1-propanol fractions. All fractions were dried. The O-glycans were released by reductive β-elimination using sodium borohydrate (38 mg ml −1 ) in 0.1 M sodium hydroxide (NaOH). The samples were incubated at 45°C for 14-16 h before the reaction was ended by addition of a few drops of acetic acid and applied to a desalting column containing Dowex™ 50WX8-200 beads. The samples were lyophilized and excess borate was removed by co-evaporating with 10% acetic acid in methanol under a stream of helium gas. The O-glycans were divided into three equivalent parts and derivatized for the different mass spectrometry analysis as described below.
Glycan derivatization Preparation of alditol acetates for monosaccharide analysis.
Alditol acetates were prepared according to Oxley et al. (2004a) . Briefly, glycans were hydrolyzed by incubation with 2.5 M trifluoroacetic acid (TFA) at 100°C under helium atmosphere for 4 h. After cooling, the TFA was evaporated with a stream of helium. Then myo-Inositol was added as internal standard and the residue was dissolved in 2 M ammonium hydroxide (NH 4 OH), before addition of sodium borodeuterate (1 M in NH 4 OH) and incubation for 2.5 h at room temperature. The remaining sodium borodeuterate was destroyed by the addition of glacial acetic acid and the excess borate removed by repeated co-evaporation with 5% acetic acid in methanol. For the acetylation reaction, acetic anhydride was added to each sample, followed by incubation at 100°C for 2.5 h. The excess acetic anhydride was destroyed by the addition of water and the alditol acetates were extracted with dichloromethane (DCM). The samples were dried, dissolved in a defined volume of DCM and then subjected to analysis by GC-MS. Samples were analyzed using a Thermo Trace MS Plus GC-MS (Thermo Fisher Scientific, Inc., Waltham, USA) with Xcalibur software. The monosaccharide derivatives were separated using a ZB-5MS column (30 m × 0.25 mm × 0.25 µm/Phenomenex, Mecclesfield, UK) with helium as carrier gas at 1 mL min −1
. The injection of 1 µl sample was made at 110°C run for 2 min, followed by an increase to 320°C with 6°C min −1 and finished by 10 min at 320°C. The instrument was used in a split mode with 15 mL min −1 at 200°C. MS data were obtained using the instrument in EI mode with a scan time of 0.4 s for a mass range of 50-700 nm.
The GC-MS data were analyzed using the ACD/SpecManager version 10.02 (Advanced Chemistry Development, Inc., Toronto, Canada).
Preparation of permethylated samples. The preparation of permethylated samples for analysis by MALDI-ToF/ToF as well as linkage analysis by GC-MS was performed as previously described in Oxley et al. (2004b) and adapted according to Khoo and Yu (2010) for glycan sulfation analysis. Briefly, samples were dissolved in anhydrous dimethylsulfoxide (DMSO), before a slurry of ground NaOH in anhydrous DMSO was added. After addition of methyl iodine, the samples were shaken vigorously for 3-4 h at 4°C until they were white. The reaction was quenched by the addition of cold water and acetic acid was added until pH reaching 5-6. The samples were cleaned with Sep-Pak C 18 ® cartridges, removing salts and contaminants with 2.5 and 10% acetonitrile, before eluting multiply charged permethylated glycans with 25% acetonitrile, single-charged permethylated glycans with 50% acetonitrile and neutral permethylated glycans with 75% acetonitrile, respectively. Additional fractionation was performed to separate sulfated and nonsulfated glycans with NH 2 -SPE (Nucleosil ® 100-5NH 2 , self-packed columns). After loading of the sample, uncharged glycans were collected in the flow through and in the wash fraction after addition of 95% acetonitrile. Monosulfated glycans were eluted with 2.5 mM ammonium acetate in 50% acetonitrile whereas di-and multisulfated glycans were eluted with 10 mM ammonium acetate in 50% acetonitrile. All samples were then dried and either analyzed by MALDI-ToF/ToF MS or subjected to the acetylation as above for linkage analysis with GC-MS. For the latter all samples of one tissue type were pooled as the GC-MS analysis would not provide further information with regards to the sulfation.
Analysis by MALDI-LIFT-ToF/ToF MS. The analysis was carried out on a UltraFlex™-MALDI-LIFT-ToF/ToF mass spectrometer (Bruker Daltonics (UK) Ltd, Coventry, UK) (Suckau et al. 2003 ) using a nitrogen laser (λ = 337 nm). Samples were co-crystallized 1:1 on a stainless steel target with a saturated solution of 2,5-dihydroxybenzoic acid in 30% acetonitrile. Calibration of the instrument was performed using a peptide standard containing Bradykinin + mono (m/ z = 3147.471). Analysis of the MALDI-ToF data was performed using GlycoWorkbench version 2.0 alpha build 83 (Ceroni et al. 2007 (Ceroni et al. , 2008 .
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Funding
